Abstract In groups of male Wistar rats, blood level, urinary excretion of urea, and renal urea clearance were determined in resting conditions or during 48-60 h after swimming for 30 min with an additional load of 10% of body weight as well as after swimming for 3 or 10 h without additional load. Both types of swimming exercise caused a significant increase in the blood level, urinary excretion, and renal clearance of urea. After 10-h swimming, the increase of renal urea clearance was observed only from the second period (0-12 h) of urine collection. In this type of exercise, an elevation of blood level of corticosterone was obtained after 6-h restitution. The increased urinary excretion and renal urea clearance persisted for a longer time than was necessary for the normalization of the blood level. A significant rise in blood urea level and a drop in renal urea clearance occurred after adrenalectomy. In adrenalectomized rats, increased urea excretion and renal clearance were observed 12-24 h after 3-h swimming, but the level of renal clearance obtained in sedentary normal rats was not achieved. The blood level of urea did not increase. This suggested that the glucocorticoids play a role both in urea formation during exercise and in its elevated renal clearance after exercise.
During heavy exercise, enhancement of protein catabolism (LEMON and NAGLE, 1981; DOHM et al., 1985a; GOODMAN and RUDERMAN, 1987; VIRU, 1987) and deamination of purine nucleotides (LOWENSTEIN, 1972) are observed in association with an increased rate of urea production leading to elevated urea levels in the blood (ROGOZKIN, 1959; CHAILLEY-BERT et al., 1961; LENKOVA et al., 1973; BUHL et al., 1974; REFSUM and STROMME, 1974; HARALAMBIE and BERG, 1976; LORENZ and GERBER, 1979) , tissues (ROGOZKIN, 1959; LENKOVA et al., 1973) , urine (CHAILLEY-BERT et al., 1961; REFSUM and STROMME, 1974; LEMON and MULLIN,1980; 714 L. LITVINOVA, A. VIRU, and T. SMIRNOVA DOHM et al., 1982) , and sweat (REFSUM and STROMME, 1974; LEMON and MULLIN, 1980) . It is suggested that the increase in blood urea level is promoted by retarded renal excretion of urea due to an altered blood supply to the kidneys (LORENZ and GERBER, 1979; GOODMAN and RUDERMAN,1987) . After exercise, a high level of urea in blood is maintained for a long time (REFSUM and STROMME, 1974; BUHL et al., 1978; DOHM et al., 1982) together with retarded excretion during the daytime and augmented excretion at night (ZERBES et al., 1983) . As our aim was to elucidate the role of renal function in urea dynamics, we studied the effect of swimming of various duration on the renal clearance of urea in rats. During various types of exercise, the adrenocortical activity exhibits various changes depending on the intensity and duration of muscular activity (VIRU, 1985) . Since glucocorticoids have a strong action on the urea production (ENGEL, 1951; SCHIMKE, 1963) and renal excretion (BELLAMY and LEONARD, 1964) , the changes in normal rats were compared with those in adrenalectomized animals.
METHODS
Male Wistar rats (body weight, 210 + 8.5 g) were maintained on a standardized laboratory diet, containing 12-15% of protein, 26-30% of carbohydrate, and 8-10% of fat. Drinking water was allowed ad libitum. Animals were placed in individual metabolic cages, and excreted urine was collected during days before and after swimming every 12-h period. At the beginning and end of every 12-h period, blood samples were taken from the tail. Urine and blood urea concentrations were determined with the aid of the Bio-la-test kit of Lachema (CSSR).
Normal rats were divided into a control group (n =8) and three other groups that had to swim in the water, which was 32± 1 °C. Group 1 swam for 30 min with an additional load of 10% of body weight, attached on the tail (n=9); group 2 swam for 3 h (n =10) and group 3 for 10 h (n =13), both without any additional load. The whole group of rats swam together in a water tank to maintain active movements during the exercise. The average water surface per rat was 80 cm2.
The renal clearance of urea was calculated by the following formula;
Renal urea clearance (ml • m1 1) urea concentration in urine (mg • 100 ml 1)
-1
x urine volume (ml • min ) . mean urea concentration in blood (mg • 100 ml-1)
The mean urea concentration in blood represents the mean value of urea concentration at the start and end of the period of urine collection.
An additional experiment was performed on the male Wistar rats to observe the changes in blood corticosterone level during swimming of various durations (30 and 90 min, 4, 8, 10, 12, and 16h) . The rats were decapitated and blood was collected immediately after swimming. After 10-h swimming, the groups of rats were decapitated 1, 2, 6, 24, or 48 h after the end of swimming. The blood plasma RENAL   UREA  CLEARANCE  IN NORMAL  AND  ADRENALECTOMIZED  RATS  715 level of corticosterone was determined fluorometrically (STEWARD et at., 1961) after thin-layer chromatography (KoRGE et at., 1974) . Fourteen rats were adrenalectomized 8 days prior to the experiment and held on 1 % of NaCI in drinking water. Six of them had to swim for 3 h without an additional load. In this series an additional control group of 12 sham-operated rats was used.
RESULTS
All the three types of swimming exercise cause a significant increase in blood urea level and urinary urea excretion in normal rats. The blood urea concentration returned to the normal level within 24 h after 30-min swimming (Fig. 1) or 3-h swimming (Fig. 2) . Following swimming for 10 h, the urea level in blood normalized within 60 h of postexercise recovery (Fig. 3) . In spite of the gradual reduction of blood urea concentration, the urea excretion rate remained elevated in all groups loaded with swimming exercise.
Renal clearance of urea was augmented after all types of swimming exercise (Table 1 ). In the case of 30-min swimming exercise, the augmentation was observed only during the first 12-h postexercise period. Following the 3-h swimming exercise, the elevated renal clearance of urea persisted for 36 h after the exercise. In the case of 10-h swimming, the urea clearance was diminished in the period of the postexercise The clearance returned to the normal level in the fifth period (48-60 h). A good accordance was obtained between changes in urea excretion, renal clearance, and urine flow rate during postexercise recovery phases.
Determination of plasma corticosterone levels after swimming exercise of various durations showed that even 30-min swimming caused a significant increase in the hormone concentration (Table 2 ). High corticosterone level was observed in the animals loaded with swimming exercise for up to 8 h. On the other hand, the animals that swam for 12 and 16 h did not show any increase in corticosterone concentration as compared with the control group. After 10-h swimming, an increase in the blood corticosterone concentration was found after a 6-h recovery period.
A significant rise in the blood urea level and a drop in the renal clearance rate of urea were induced by adrenalectomy (Table 3) . In adrenalectomized rats, 3-h swimming did not cause any elevation of blood urea level. The urea excretion and renal clearance was increased 12-24 h after 3-h swimming, but remained below the level of sedentary control rats.
DISCUSSION
In accordance with the results of previous studies (REFSUM and STROMME,1974; BURL et al., 1978; DORM et al., 1982) , the obtained results show that the high level of urea in blood and urine is maintained for a long time after prolonged exercises. Urea level of blood plasma, urinary excretion rate of urea, and urine flow rate in rats after swimming exercise for 3 h. In this group, no additional weight was loaded during exercise. Explanations for lines, and columns are the same as in Fig.   1 legend.
According to our results, the increased urinary excretion of urea persists even longer than is necessary for the normalization of the blood level. In parallel with the increased excretion rate, the renal clearance was elevated. Hence, there is not any retardation of urea elimination at the kidney level, at least in rats, after exercise. On the contrary, the conditions for urea elimination improved after exercise. A good accordance between urine flow rate, urea excretion, and renal clearance suggests that the increase of the urine flow rate is important factor of urea washout after exercise.
A retarded urea elimination might take place during the exercise and a short time after it due to the reduced blood supply to kidney (RowELL, 1974) . The period of retarded urea elimination may be prolonged and a postexercise retardation may occur in the case of vigorous exercise. In accordance with this suggestion, the increased urea excretion and elevated renal clearance rates. were observed only from the 12th hour on after 10-h swimming.
Results of various studies indicate that the postexercise recovery period is characterized not only by augmentation of protein synthesis but also by an increased rate of protein degradation (MILLWARD et al., 1982; VIRU, 1987) . The increased protein turonover contributes to the renewal of the molecular content of muscle proteins to eliminate the physiologically exhausted structure elements and to ensure an improvement of the function. The postexercise increase in muscle protein turnover is also reflected in the increase 3 methylhistidine excretion rate (DoHM et al., 1982 (DoHM et al., , 1985b KASPEREK and SNIDER, 1985; VIRU et al., 1985) and in the elevated 3-methylhistidine level in the blood (DoHM et al., 1985b ) and the skeletal muscle tissue (VIRU et al., 1985) during the postexercise recovery period. The elevated protein degradation may be accompanied with additional urea production during the recovery period after exercise. The activity of hepatic arginase, an important enzyme in urea biosynthesis, remains elevated for many hours after exercise (YAKOVLEV, 1979) . In our experiments, a secondary increase in the blood urea elevel was not observed during postexercise recovery. However, the enhanced excretion of urea in combination with augmented renal clearance persisted during a prolonged period after exercise. If the production and clearance were equal, the increased production might lead to an elevated urinary excretion without any increase in the blood level.
The increased adrenocotrical activity during exercise (VIRU, 1985) is a plausible factor of enhanced protein catabolism that is associated with augmented urea Table   3 . Urea level of blood, urinary excretion rate of urea, and renal urea clearance in adrenalectomized rats (mean +S.E.M.).
production. Glucocorticoids may be one of a number of factors responsible for the increased renal urea clearance also during the recovery period. According to classic knowledge, the adrenalectomy suppresses the urinary excretion of nitrogen (INGLE, 1949) . The administration of corticotropin or glucocorticoids increases nitrogen excretion (INGLE, 1949) , as well as urea excretion (BELLAMY and LEONARD, 1964) . The results of our study indicate that in adrenalectomized rats the decrease of renal urea clearance is associated with an increase of its concentration in blood, indicating a defect on the kidney level. Muscular activity did not increase the urea concentration in the blood of this group of animals. This fact agrees with the role of glucocorticoids in urea production (ENGEL, 1951; SCHIMKE, 1963) . However, muscular activity promoted an improvement of renal excretion of urea from the 12 th to the 24 th after exercise in adrenalectomized rats. This change was not sufficient to reach the levels of normal sedentary rats and the obtained rates of excretion and renal clearance were far below the rates in normal rats after exercise.
Intensive exercise increases the blood glucocorticoid level not only during exercise, but also during the recovery period (VIRU,1985) . A question arises whether in the normal organism the postexercise elevation of renal clearance of urea is caused by an increased level of glucocorticoids in blood. An affirmative answer might be deduced from the delayed response of urea washout after 10-h swimming, because in normal rats exercises over 8 h in duration did not cause an increased level of corticosterone in blood plasma at the end of exercise as the swimming of shorter duration did (Table 2 ). After 10-h swimming, the blood corticosterone concentration was not determined just after the end of the exercise. However, the blood samples, collected after a 6-h recovery period, indicated the existence of a postexercise increase in the blood corticosterone level. Obviously, the elevated urea clearance followed the postexercise augmentation of the blood glucocorticoid level after 10-h swimming.
The obtained results suggest that the glucocorticoids play a role both in urea formation during exercise and in its elevated renal clearance after exercise. 
